A number of approaches have been used to investigate vacuole development. These include transmission electron Oat leaf mesophyll protoplasts were evacuolated and microscopy studies of vacuolation in meristematic regions shown to develop acidic vacuoles when cultured for
Introduction vacuolar protein of unknown function (Hö rtensteiner
The vacuole occupies more than 80% of the volume of et al., 1992); inclusion of bafilomycin A (a specific inhibmature plant cells and has a number of functions, includitor of the vacuolar H+-pumping ATPase: Sze et al., ing turnover of cell components, cell turgor generation, 1992) in the culture medium decreased uptake of neutral solute storage and compartmentation, and plant defence red, but did not prevent vacuole regeneration. Vacuole (for reviews see Poole, 1988; Taiz, 1992; Wink, 1993) .
formation in evacuolated petunia protoplasts is associated However, relatively little is known about the origin and with the accumulation of flavonoids, followed by synthesis of vacuole-associated ethylene-forming activity ( Erdmann co-ordination of vacuole formation.
the peeled leaves were floated at 4°C on isolation medium et al., 1989) . Protoplasts cultured in the presence of 15 min initial vacuum infiltration. The protoplasts were harIn contrast, Hö rtensteiner et al. (1994) found that the vested and washed three times in ice-cold isolation medium at strongly inhibitory effects of 10-100 mg ml−1 cyclohexim-100 g for 3 min.
ide were completely reversible when evacuolated protoplasts were washed with inhibitor-free medium.
Protoplast evacuolation
A similar system using cereal protoplasts would make Approximately 2×106 protoplasts (in 1 ml IM ) were layered on top of 15 ml of evacuolation medium (EM=30% (v/v) possible comparable biochemical and molecular studies Percoll, 0.5 M mannitol, 20 mM MES-KOH, pH 6.8) and were in monocotyledenous plants. Cereal protoplasts are parevacuolated by centrifugation at 100 000 g (R av ) at 23°C for ticularly difficult to culture however (Ozias-Akins and 20 min in either a Sorvall OTD55B ultracentrifuge fitted with Lorz, 1984; Vasil, 1987) development in such protoplasts is characterized using
The evacuolated protoplasts were cultured at a concentration transmission electron microscopy and, for the first time, of 106 cells ml−1, at 25°C in the dark, in the medium described using confocal laser scanning microscopy (CLSM ). The by Hahne et al. (1989) , except that Na 2 EDTA and FeSO 4 .7H 2 O completeness of evacuolation has been verified, using were increased to 37.3 mg l−1 and 27.8 mg l−1, respectively.
both microscopy and Western blotting, whilst the bio- 
Protoplast assessment Reagents
Protoplast viability was assessed using fluorescein diacetate The majority of reagents were obtained from Sigma Chemical (FDA) staining as described by Larkin (1976) . The extent of Co. or BDH Chemicals Ltd. (both of Poole, UK ). Cellulysin protoplast evacuolation was monitored using 0.1% (w/v) neutral was obtained from Calbiochem Novabiochem ( UK ) Ltd.
red. Cell wall development was assessed using 0.1% (w/v) (Nottingham, UK ), while Onozuka Cellulase R10 was obtained calcofluor white. The following fluorescent dyes were surveyed from Yakult (Japan). All cell dyes except fluorescein diacetate for their suitability in staining oat protoplasts: rhodamine 123 (FDA), neutral red and calcofluor white were a generous gift
(1 mg ml−1 stock, diluted 15100); 3,3∞-dihexyloxacarbocyanine from Dr M Fricker ( University of Oxford) and may be obtained iodide (DiOC 6 ; 1 mg ml−1 stock in dimethyl sulphoxide from Molecular Probes Inc. (supplied by Cambridge BioScience, (DMSO), diluted 151000); monochlorobimane (20 mM stock, Cambridge, UK ). LR White Resin was supplied by the London diluted 1/100); 2∞,7∞-bis-(2-carboxyethyl )-5(and-6)carboxyfluoResin Co. (Basingstoke, UK ), while gel electrophoresis reagents rescein acetoxymethyl ester (BCECF-AM; 1 mM stock, diluted were obtained from Biorad (Hemel Hempstead, UK ). Sea 15100); carboxyfluorescein (CF: 1 mg ml−1); Lucifer Yellow plaque agarose was purchased from FMC Corporation CH (2.5 mg ml−1); and acridine orange (1 mg ml−1 stock, (Rockland, USA). diluted 151000). All fluorescent dyes were viewed using blue excitation optics, except calcofluor white and monochlorobimProtoplast isolation ane, which were viewed with ultra-violet excitation. All procedures were carried out aseptically. The primary leaves Electron microscopy of 7-d-old oats were surface-sterilized in 7% (v/v) Domestos bleach (Lever Bros, London, UK ) for 15 min and rinsed in Protoplast samples were embedded in 1.5% (w/v) agarose and cut into 1 mm3 pieces while immersed in 2% (v/v) glutaraldehyde, sterile distilled water. The lower epidermis was removed and 3% (v/v) paraformaldehyde, 1% (w/v) tannic acid, 50 mM Na After incubation with the antibody, blots were washed 6 times, cacodylate, pH 7.1. They were then vacuum infiltrated for 5 min each, in 0.1% (v/v) Tween-20-TBS, before incubation for 15 min and fixed for 2 h at room temperature. The samples 2 h in 152000 protein A alkaline phosphatase, which was were washed four times in 0.5 M sorbitol containing 50 mM subsequently detected using bromochloroindoyl phosphateNa cacodylate buffer (pH 7.1), before overnight fixation in 1% nitroblue tetrazolium (Harlow and Lane, 1988) .
, 0.5 M sorbitol and 50 mM Na cacodylate buffer Antibodies to the following proteins were used: the vacuolar (pH 7.1). A further four washes in 50 mM Na cacodylate buffer H+-ATPase holoenzyme (polyclonal antibody kindly provided were carried out before staining en bloc for 5 h at 4°C in 2%
by Dr R Ratacjzak, Institut fur Botanik, Darmstadt, Germany; (w/v) aqueous uranyl acetate in the dark. This was followed by Haschke et al., 1989) ; the vacuolar H+-PP i ase (polyclonal sequential washes with cacodylate buffer and distilled water.
antibody kindly provided by Dr M Maeshima, Hokkaido The samples were then dehydrated through a graded alcohol University, Japan; Maeshima and Yoshida, 1989) ; the 23 kDa series (30, 50, 70, 95, 100, 100% (v/v) ethanol ) and were vacuolar membrane protein (polyclonal antibody kindly proembedded in either Spurr's resin (Spurr, 1969) or LR White vided by Dr M Maeshima; Maeshima, 1992) ; and the plasma resin (Newman et al., 1983) . Thin sections were cut using a membrane H+-ATPase (monoclonal antibody kindly provided Reichert Ultracut microtome, collected on copper grids and by Dr R Serrano, Universidad Politecnica, Valencia, Spain; stained with uranyl acetate-lead citrate (Reynolds, 1963) , Parets-Soler et al., 1990) . before viewing on a JEOL JEM-1200EX electron microscope.
Confocal microscopy
Protoplasts were viewed using a BIORAD MRC 600 confocal conditions were tested to maximize both protoplast viability and yield. Conditions optimized included the IM Microsomal membrane preparation osmoticum and pH, the digestion time and age of plants.
In order to produce enough material for a membrane preparation, it was necessary to freeze several preparations of In addition, the inclusion of a vacuum infiltration step to protoplasts until 5-10 ml of protoplast pellets were accumulated.
improve enzyme penetration increased the yield of protoThis was then homogenized at 4°C using a mortar and pestle plasts. Similarly, experiments were performed to investi- osmoticum (0.5 mannitol ) and pH (6.8) were optimized, in either a Beckman L7 ultracentrifuge, fitted with a SW28.1 as were CaCl 2 and Percoll concentrations. In the latter rotor, or in a Sorvall OTD55B ultracentrifuge, with an AH629 swing out rotor. The resulting pellet was resuspended in case, the optimal level was relatively low (30%, v/v) as 250 mM glycerol, 0.5 mM DTT and 2.5 mM HEPES-BTP, compared to other evacuolation procedures (cf. 90%, pH 7.4. Griesbach and Sink, 1983) ; however, the lower concentration allowed better separation of the protoplasts from Protein assay debris. In addition, a swing out rotor also gave better
The procedure of Bradford (1976) was used with bovine serum separation of evacuolated protoplasts from debris than a albumin as a standard.
fixed angle rotor, whilst the number of protoplasts loaded per tube was optimized. The temperature at which plants Initial studies of vacuole development clude its use in visualizing the first 24 h of vacuole development. Carboxyfluorescein also stained the vacuole Freshly isolated evacuolated protoplasts were found to after a 3 h incubation (Fig. 1d) . The pH-sensitive dye develop vacuoles which stained with neutral red (Fig. 1a) BCECF-AM gave variable (sometimes faint) staining of within 3 d. After 5 d culture, some protoplasts started to vacuoles after 1 h, whilst monochlorobimane gave heterredevelop cell walls, as judged by calcofluor white staining ogenous staining of the vacuoles within 5 min (results not ( Fig. 1b) , whilst other protoplasts extruded cell wall shown), but could not be used for confocal microscopy material into the medium without forming a proper cell as it is not excited by the 488 nm wavelength laser wall. Staining with FDA at this time indicated approxiavailable. mately 30% viability.
DiOC 6 was selected to stain the ER for CLSM; it stains Figure 2a shows the results of a time course study of the fine network of the ER and the mitochondria within the proportion of protoplasts developing vacuoles and a 5 min (Fig. 1f ) . The toxic effects of the dye caused the new cell wall in an evacuolated oat protoplast culture. mitochondria to stop moving and assume a more rounded The percentage of protoplasts containing vacuoles, which conformation than normal, allowing them to be easily were stained with neutral red, gradually increased and distinguished from the ER. Rhodamine 123 also stained reached a plateau after 66 h when 50-60% of the cells tubular mitochondria strongly, after 10 min, but did not contained vacuoles. The percentage of protoplasts stainstain the much finer network of the ER (Fig. 1e) ; the ing with calcofluor white, which indicates cell wall formaconstant movement of rhodamine 123-stained mitochontion, increased steadily up to 100 h after a lag of about dria made it impossible to take a sharply focused picture. 41 h.
Having selected these two dyes, the very early stages Carboxyfluorescein was used to stain cultured evacuolof vacuole development were examined using CLSM. ated protoplasts in order to gain a more accurate estimate Immediately after evacuolation, more than 95% of protoof increasing vacuolar size (Fig. 1d) . Figure 2b shows the plasts showed no vacuolar staining (Fig. 3b) . This may percentage of protoplasts with vacuoles, as well as chanbe compared with the staining of an intact protoplast, ging percentage viability during this time course. Viability which showed accumulation of the dye in the vacuole declined rapidly during the first 48 h of protoplast culture ( Fig. 3a) . After 1 h culture, staining with acridine orange and then appeared to remain at around 50%, whilst the revealed the presence of vacuolar strands and small proportion of protoplasts containing vacuoles increased vesicles in some protoplasts ( Fig. 3c) . These appear to to approximately 40% by 72 h.
have developed into a larger network after 18 h culture Figure 2c shows the changing size of evacuolated proto- ( Fig. 3d) , which enlarged further, forming small vacuoles plasts and developing vacuoles during culture. It can be after 25 h culture (Fig. 3e) . seen that the diameter of protoplasts with vacuoles graduThe staining of the ER (and mitochondria) with DiOC 6 ally increased in size to around 30 mm by 72 h. Similarly, in an intact protoplast is shown in Fig. 4a ; the ER forms vacuoles increased in size from 6 mm to 18 mm during the a network between the chloroplasts. In general, evacuoltime course. For comparison, intact protoplasts which ated protoplasts showed a similar staining pattern to that stain with CF contain vacuoles of 27.0±1.4 mm diameter, of intact protoplasts, but in some cases membranes and the overall CF-stained protoplast diameter being organelles appeared to be clumped at one side of the 33.0±1.1 mm. Protoplasts which did not stain with CF protoplast (Fig. 4b) ; presumably this occurs as a result remained the same size throughout the culture period, of the strong centrifugal forces to which these protoplasts further emphasizing the link between vacuole develophave been subjected. During culture, the ER redispersed ment and cell enlargement. ( Fig. 4c, d ), but otherwise was not be seen to undergo any major rearrangements. Fluorescence and confocal laser scanning microscopy
Confocal laser scanning microscopy (CLSM ) was used
Fine structural studies of evacuolated protoplasts to study vacuole regeneration as well as the ER, as Samples of intact protoplasts, freshly evacuolated protoprevious electron microscopy studies had suggested that plasts and 1-d-old cultured evacuolated protoplasts were the ER may give rise to nascent vacuoles. Thus, dyes also examined using transmission electron microscopy to were needed to stain both the vacuole and the ER. Of investigate the presence and development of vacuoles. those tested, acridine orange was selected to stain developFreshly isolated protoplasts showed a large central vacuing vacuoles for CLSM, as it gave strong staining of the ole with chloroplasts randomly arranged around it vacuole within 5 min ( Fig. 1c ; nuclei were only visible in ( Fig. 5a ). In contrast, freshly evacuolated protoplasts dead protoplasts and chloroplasts appeared red ). In conlacked a central vacuole and had densely packed chlorotrast, it is necessary to incubate protoplasts for 24 h at plasts (Fig. 5b) . Some small vesicles were present within room temperature in Lucifer Yellow CH to produce vacuolar staining (results not shown), which would prethese protoplasts, as described in previous reports ( Burgess and Lawrence, 1985) . After 24 h in culture, the organelles became more distributed and small vacuoles, some of which contained electron opaque material, were visible (Fig. 5c, d) . A surrounding membrane was visible at higher magnification (Fig. 5e ). In addition, some protoplasts appeared to show increased numbers of mitochondria (not shown). Very few Golgi bodies were observed in these cells.
Biochemical studies of vacuole development
In order to confirm the absence of tonoplast proteins from evacuolated protoplasts, as well as their subsequent development, microsomal membrane preparations of intact oat protoplasts, freshly evacuolated oat protoplasts and 5-d-old cultured evacuolated protoplasts, as well as a purified oat root tonoplast preparation were separated by SDS-PAGE. Western blots were then performed on the different membrane samples. Figure 6A shows a blot against the vacuolar H+-ATPase holoenzyme. Subunits of molecular weight approximately 70 and 50 kDa were present in intact protoplasts, as well as in oat tonoplast lower phase membranes (used as control ), but were removed by the evacuolation process. After 5 d culture, however, these bands reappeared, although they were still less pronounced than those observed in intact protoplasts.
The presence of the other tonoplast proton pump, the H+-PP i ase, was then compared to that of the H+-ATPase. The oat tonoplast membranes showed a strong band and a similar band was seen in the freshly isolated protoplast membranes. This band was not seen in evacuolated protoplasts at 0 d, but reappeared faintly after 5 d culture (results not shown). In contrast to these results, Western blots against the 23 kDa vacuolar membrane protein ( VM23: Fig. 6B) showed that, whilst the protein was present in intact protoplasts and subsequently removed from evacuolated protoplasts, it had not reappeared after 5 d culture. Control blots against the plasma membrane H+-ATPase were also carried out (data not shown); if the changes in tonoplast protein levels seen were due to evacuolation and subsequent vacuole regeneration, then other membrane proteins should have remained relatively constant. This protein was present in intact protoplasts, freshly evacuolated protoplasts (a slight increase in band intensity was seen after protoplast evacuolation) and in to evacuolate and successfully culture oat mesophyll protoplasts and may, therefore, be used as a model system of vacuole development in monocotyledenous plants. This is the first such report on a monocot system. Extensive efforts were made to maximize the yield and viability of described by a number of other authors (Marty, 1978; Poux, 1982) , including the observation of the breakdown Confocal laser scanning microscopy has been used for the first time to study vacuole regeneration in evacuolated of the central vacuole into a motile network maintained prior to and during cell division in Allium mother guard protoplasts. This revealed an interesting pattern of vacuole development involving the establishment of a strandcells (Palevitz et al., 1981; Palevitz and Okane, 1981) . Interestingly, acridine orange staining was not observed like network of vacuoles which underwent expansion, forming a number of small interconnected vacuoles, which immediately after the evacuolation procedure indicating that, if the small vesicles observed by electron microscopy continued to enlarge. Based on these observations it is likely that the numerous small, seemingly distinct vacuoles ( Fig. 5) were true vacuoles, then they were not of acidic pH. observed by electron microscopy were in reality part of The results of CLSM observations of DiOC 6 staining reappearance of the vacuolar H+-ATPase and H+-PP i ase in cultured evacuolated tobacco protoplasts. Interestingly, of the ER were less easily interpreted although it was clear that, in some protoplasts, the evacuolation process these authors found that the transcript level of the H+-PP i ase, relative to that found in intact protoplasts, caused a concentration of the stained ER and mitochondria at one pole of the protoplast. The remainder of increased before that of the regulatory sub-unit of the H+-ATPase. evacuolated protoplasts showed a network of DiOC 6 staining which was compressed between the chloroplasts, However, VM23 was not detected in 5-d-old cultured evacuolated oat protoplasts. Maeshima et al. (1994) but otherwise distributed evenly through the volume of the protoplast. As culture progressed, all protoplasts came speculated that VM23 may be related to c-TIP (tonoplast intrinsic protein), which is thought to play a role in water to show this pattern of staining. Unfortunately, the ER remained indistinct after 24 h culture when examined by uptake during cell elongation (Ludevid et al., 1992) , as it has sequence identity with the Arabidopsis c-TIP. The electron microscopy and its role in vacuole formation could not be established by this method. Further developfailure of VM23 to reappear in this study reflects the fact that it is known to be incorporated at a relatively late ment of an evacuolated system using protoplasts with fewer chloroplasts may allow more details of ER involvestage of vacuole formation. VM23 is thought to be a characteristic protein of mature vacuoles; it replaces ament to be elucidated.
The problems encountered by Hö rtensteiner et al. TIP type proteins (found in maturing seeds) during soybean seed germination (Maeshima et al., 1994) and is (1992) in achieving complete evacuolation of barley protoplasts were overcome in this study, as evidenced by not found until the later stages of vacuole enlargement in mung bean hypocotyls (Maeshima, 1990 (Maeshima, , 1992 . Western blotting techniques, as well as the microscopical observations. Both the vacuolar H+-ATPase and H+-This novel system using evacuolated protoplasts to study vacuole formation in oat protoplasts, enables devel-PP i ase reappeared in evacuolated protoplasts that had been cultured for 5 d. These pumps appear to be active, opment in individual cells to be viewed without sectioning, at the light microscopy level, as well as providing an in as the vacuoles take up neutral red and acridine orange. Hö rtensteiner et al. (1992 Hö rtensteiner et al. ( , 1994 have also shown the vitro system in which the environment may be conveni- 
